This latter assumption is intended to account for evaporation by high-frequency winds not present in the mean monthly winds used for driving the model. Since they do not present maps of SST, it is not possible to evaluate the success of this aspect of the simulation. In this paper we consider the problem of developing an ocean model that includes a surface heat flux parameterization that is both capable of being coupled to a simple atmosphere model [e.g., Zebiak, 1982 Zebiak, , 1986 '1 and excludes the specification of parameters over which the ocean has direct influence (such as near-surface temperature .and humidity). The atmospheric parameters that can be included in such a model are wind speed, saturation humidity (a function of SST alone), and cloud cover. Cloud cover is included on the assumption that it can be specified simply or related to some large-scale feature of the atmospheric circulation. Because both sensible heat flux and net long-wave radiation depend on air temperature, and this cannot justifiably be specified externally, these two terms of the surface heat flux must be represented in terms of the SST. Here we exploit the observation that over most of the 1265 ocean, the air temperature closely parallels the SST. Further, we avoid the requirement to know the atmospheric humidity by specifying a constant relative humidity. Computing the heat flux in this manner imposes limitations, but it is considered worthwhile to see how successfully SST can be simulated in the absence of an atmospheric GCM or extensive application of data. The heat flux parameterization has the virtue of being independent of atmospheric parameters such as air temperature and humidity that are difficult to predict with accuracy.
We demonstrate that it is possible to simulate the major features of the climatological mean SST in the tropical Pacific using the heat flux parameterization presented here. This result suggests that once the solar flux is given, the remainder of the surface heat flux is controlled by the ocean. The results encouraged us to attempt to identify the underlying processes that determine tropical SST. Section 2 of the paper will describe the model, section 3 will be a general comparison of model and observed SSTs, section 4 will consider the sensitivity of the model to parameter changes, and section 5 will address the seasonal cycle of temperature and the balance of terms in the temperature equation for key regions of the tropical Pacific. Conclusions are presented in section 6.
MODEL DESCRIPTION

Dynamical Model
The dynamical model is that of Zebiak and Cane [1987] but modified to simulate total rather than anomaly SSTs. The basin is rectangular extending from 124øE to 80øW and from 29.75øS to 29.75øN. The model describes the linear dynamics of an homogeneous upper layer, overlying a motionless deep layer, on an equatorial beta plane, subject to a low-frequency approximation. A constant depth, frictional, linear surface layer is included above this layer to capture the intensity of wind driven surface currents. The equations for the second and surface layer combined can be written as The numerical procedure for solution of (2)-(5) is given by Cane and Patton [1984] . Briefly, the Kelvin wave part of the solution is solved for analytically, and the remainder is solved by finite difference method on a staggered grid exploiting the fact that this part of the solution propagates westward only. Solving in this manner and using the low-frequency approximation, allows a 10-day time step on a grid with spacing of 2 ø longitude and 0.5 ø latitude. The boundary conditions for the system are no normal flow at the basin boundaries. Equations (6) and (7) for the surface layer are two algebraic equations in two variables that are trivial to solve. Equation (9) is solved by forward time differencing evaluating the advection terms with a modified upwind difference scheme as described by Zebiak [1984] . The grid spacing is 2 ø in latitude and 5.625 ø in longitude, allowing a time step of 2.5 days. The boundary conditions at the eastern and western edges are no normal advection and temporally varying climatological temperatures from Rasmusson and Carpenter [1982] are imposed at 29øN and 29øS. Because the Ekman flow described by (6) and (7) is poleward at these latitudes, the climatological temperatures affect the computation only through the diffusion term. We present results only for the near-equatorial latitude range of interest, 20øS to 20øN, well away from this influence. The component of diffusion normal to the eastern and western boundaries is set to zero' that is, there is no heat flux through these walls.
t•u/t•t -fioYV = -g' t•h/t•x + •"/pH -ru (2) fioyU = -g' c•h/c•y + •Y/pH -rv (3) c•h/c•t + H(c•u/c•x + t•v/t•y)= -rh
Determination of the Temperature of Entrained Water (Te)
The most straightforward procedure is to represent the tem-(5) perature beneath the base of the surface layer (Td) by the temperature at 50-m depth (T so ). The problem then becomes predicting T50 in terms of the other model variables. We assume that temperature perturbations are coherent with depth below the turbulent mixed layer. Thus Ts0 can be parameterized in terms of vertical displacements of the model thermocline (i.e., the variable h in (2)-(4)). This formulation has the property that where the thermocline is shallow (e.g., the equatorial east Pacific), upwelled water originates from the thermocline region and is cold. On the other hand, where the (6) thermocline is deep (e.g., the equatorial west Pacific), upwelled (7) water originates from above the thermocline and is warm. This is only qualitatively correct because upwelling may occur from variable depths.
To represent this process in the model, a relationship was developed between T50 and the thermocline depth from data, and a second relationship was derived between model h and (8) the observed thermocline depth. The data set of Levitus [1982] was used to obtain temperature as a function of depth for the global ocean and four seasons. Because upwelling, and hence T• in equation (9), will be important only in equatorial regions (and some coastal regions) only data from 4.5øN to 4.5øS in the Pacific Ocean were analyzed. As a proxy for thermocline depth the depth of the 20øC (h2o) isotherm was used, which is a reasonable approximation in this latitude range (see Figure 1) . Figure 
Surface Heat Flux Pararneterization
First we will discuss why it was decided to compute the surface heat flux, rather than use observed values. Figure 4 shows the annual mean surface heat flux of Weare et al. As was discussed in the introduction, we will include only those parameters that can realistically be considered as externally imposed, that is, those over which the ocean has no direct control. These are wind speed and total cloud cover, with air temperature and humidity excluded. The thesis here is that the air temperature is determined by the SST, not the other way around. To include it in a heat flux parame- The first term on the right is the solar heating, the second term is the latent heat loss, and the final term is the representation of the net long wave radiation and sensible heat loss.
The saturation humidity qs is evaluated from the ClausiusClapeyron equation using the surface temperature T s. Since the humidity factor multiplies the saturation humidity evaluated at the surface temperature, it is related to the relative humidity (3rh), expressed as a fraction, by
r5 = rSrhqs( Ta)/qs( T•)
where Ta is the surface air temperature.
We take the surface albedo to be 0.06, a value typical of the tropical oceans [Payne, 1972] The major elements of the seasonal development of the SST field are represented. In the following we will provide a description and attempt to explain their origin. The southeastern section is characterized by water getting colder eastward toward the coast and southward to higher latitudes. This cold patch extends into the equatorial cold tongue. The tongue is weakest in northern hemisphere (NH) spring when this entire southeastern area is at its warmest. The opposite situation holds in NH fall. This cycle is followed by both model and observations although the model is phase lagged by one month. To the south of the equator the annual cycle can be related, in both cases, to the cycle of surface heating forced by Figures 13c and 7b. ) Figure 13d shows the result when the cloud cover is a constant 58% everywhere, a figure which corresponds to a basin mean cloud cover. The differences are much larger than in the previous case, and the SST produced is significantly worse than in the standard case. The errors are what would be expected from a consideration of the observed cloud cover, with the model becoming much too warm in regions of high cloud cover (e.g., the west Pacific) and far too cold in regions of low cloud cover (e.g., the core of the trade winds). Taken together with the previous case, this run demonstrates the extent to which the effect on the SST of time-varying clouds is of secondary importance compared with the effect of the annual mean cloud cover distribution. This also supports the assertion in the previous section that the cold water in the southeast section of the basin is partially caused by a local maximum of cloud cover which reduces surface heating. In this constant cloud cover case this area becomes much warmer. Figure 13e shows the JJA temperature differences for the case of a 1 order of magnitude decrease in the diffusion coefficient. Clearly, the pattern of differences is the same as in the standard case but accentuated, especially in the regions of high temperature gradient. However, over most of the basin the difference with respect to the standard case is less than IøC, indicating that diffusion is of sizeable significance only in surface layer results in a warmer SST. In the higher northern latitudes, where the surface heat flux is upward for most of the year, the moderate cooling tendency contributed by the shallower surface layer is offset by increased meridional advection from the slightly warmer equatorial regions to the south. We concluded that the model does not exhibit significant sensitivity to changes in the surface layer depth in the region of interest, but we would not expect this to be the case in higher latitud•,'s.
ANALYSIS OF THE SEASONAL CYCLE OF TEMPERATURE AND HEAT BALANCE
In this section the seasonal cycle of temperature for three different ocean regions is considered, and the role the individual terms in the temperature equation play in determining this variation is analyzed. The three regions correspond to the equatorial cold tongue, an off-equatorial area in the southern hemisphere, and the region of SST maximum north of the cold tongue in the east Pacific which coincides roughly with the region of the North Equatorial Countercurrent. The model parameter settings are those of the standard case described in section 3.
The Equatorial Cold Tongue
This area extends from 99øW to 129øW and 4øS to 4øN. Figure 14b demonstrates that in this region all the terms in the temperature equation are important, but that the largest terms contributing to the temperature tendency are the surface heat flux and upwelling advection. Zonal advection, meridional advection, and diffusion, the former two cooling terms and the latter a warming term, have a cycle of strength closely tied to the seasonal development of the tongue itself. This makes sense in that the tongue is produced by upwelling and that the upwelling strength is proportional to the horizontal divergence of velocity: the stronger the currents the stronger the upwelling. Further, when the upwelling is strong, the temperature gradients imposed are large, allowing the possibility of sizeable advection of heat by horizontal currents. Similarly, diffusion increases as the cold tongue develops and creates a marked temperature minimum on the equator.
The balance between surface heat flux, zonal advection and upwelling advection suggested by Wyrtki [1981] for the cold tongue is not seen in our model. Wyrtki notes that an eddy diffusivity of the order of 10 ½ m 2 s -• would be required to make diffusion significant. As was discussed in section 4, there is observational evidence for using a diffusivity that large. The seasonal cycle can be explained as follows. During NH spring the intertropical convergence zone (ITCZ) is at its southernmost position and the zonal winds on the equator are at their weakest resulting in a minimum in upwelling strength. This position is reversed in NH fall, when the ITCZ is well to the north and there are strong zonal winds along the equator. At this time, upwelling is strongest and the tongue most pronounced. This enhancement is aided by the thermocline's being at its shallowest in the east at this time, a phenomenon forced by the contemporaneous maximum of zonal wind stress integrated along the equator. All these processes are represented in the model.
Higher-Latitude Region
This region extends from 161øW to 131øW and 18øS to 10øS. It is of interest because of the different dynamical regime, the seasonal cycle of surface heat flux, and its location under the eastern extremity of the SPCZ. Figure 15a shows the seasonal cycle of temperature, and Figure 15b shows the seasonal cycle of the components of the temperature equation. The seasonal cycle is simulated with phase close to that observed but can be close to iøC too cold in SH winter and spring. From Figure 15b it is seen that the heat balance is essentially between change of heat content and the surface heat flux, which reduces (9) to &Ts/&t = Q/p%H, It should be remembered that we assume a constant depth mixed layer in the model, but according to the data of Levitus [1982] , in this region the layer depth varies from typically 50 m around March to 80-100 m around September. The discrepancies in mixed layer depth between model and observations are of the sign to explain the errors. In SH winter the mixed layer is deeper than 50 m, so that for a given upward heat flux, the model would cool more than is observed. The error is prevented from being worse only by the feedback between surface heat flux and SST: as the SST cools the upward heat flux decreases to reduce further cooling.
At the same longitudes and latitudes in the northern hemisphere, although the annual mean is off by a larger amount, the seasonal cycle is also simulated well and for similar reasons. At these latitudes a simple one-dimensional, variable depth mixed layer will accurately simulate SST.
North Equatorial Countercurrent
Region
This region extends from 145øW to 115øW and 4øN to 12øN. It is of oceanographic interest in that it includes the longitudes and latitudes of the NECC and is of meteorological interest because it underlies the eastern Pacific portion of the ITCZ. As is shown in Figure 16a , the simulated seasonal cycle of temperature has the observed amplitude but is phase shifted relative to that observed by about 3 to 4 months. It might be considered that this discrepancy is due to an error in the representation of the NECC itself resulting in errors in the zonal advection. However, the model's zonal velocity field (not shown) shows the NECC to have the correct seasonal cycle, being strongest in NH summer and fall. In accordance with observations, it does not extend farther north than 10øN. It should be remembered that the equatorial cold tongue also reached its highest temperatures too late, but by 1 month rather than 3. Nonetheless, an area too cold to the south will cause an overestimation of cooling by meridional advection in the warm strip to the north. This would not seem to be of the magnitude required to explain the erroneous phase. Using monthly cloud cover also did not introduce a noticeable improvement. One final point is that an imposed cycle of additional surface heat flux, with maximum in NH spring, minimum in NH fall, and amplitude of less than 20 W m-2 would be sufficient to remove the discrepancy. 
DISCUSSION AND CONCLUSIONS
An ocean model has been presented that is capable of simulating most of the features of the mean tropical Pacific SST field. The model requires only winds and annual mean cloud cover as external inputs. Both of these can legitimately be considered to be parameters over which the ocean has at most indirect control. Other parameters, such as humidity and near-surface air temperature, are largely controlled by the ocean, and so we do not wish to specify them in the heat flux parameterization when the goal is to compute SST. In avoiding the specification of these variables, we obtain two advantages. First, the model can be coupled to simple atmosphere models which do not predict these variables, and second, the model is not sensitive to the expected errors in the determination of these variables with more complex atmosphere models (e.g., GCMs). This second advantage is especially valuable given the strength of the feedbacks which can amplify small, persistent errors. This project was begun with the goal of calculating the surface heat flux the model requires in order to correctly simulate the SST. By comparing this flux with that observed it was hoped that it would be possible to identify problems in the ocean model: what physics is wrong and what physics is missing. It was soon realized that the heat flux data was not reliable enough to make satisfactory conclusions, and it was decided to adopt the methodology presented here. Thus the SST became the parameter with which to test the model, but we are now faced with the problem that errors in the specified atmospheric variables which go into the model are sufficient to remove the discrepancies. Throughout the paper, where we think ocean dynamics are the cause of problems, it has been pointed out, but beyond that it is not possible to prove model failings. That is not to say that they do not exist. They almost certainly do, but it is required to look at variables other than SST to identify them. A discouraging implication is that SST, the best observed of all oceanic variables, cannot be used as a test of sophisticated ocean GCMs. Only a breakthrough in the ability to specify surface heat flux would change this situation.
It is encouraging that this
The feasibility of modelling the major features of the mean tropical Pacific SST using a simple dynamical model and surface heat flux parameterization has been established. Future work will involve coupling of the ocean model to a model atmosphere in an attempt to simulate the SST and atmospheric phenomena not as independent features, but as different aspects of the same coupled system.
